A nonlinear, physics-based, control-oriented model of the plasma dynamics enables the design of effective current-profile control algorithms. Work towards control-oriented modeling for current-profile control design started almost a decade ago with the pioneering work in [2] and [3] . The physics information contained in the nonlinear model is embedded into the feedforward and feedback components of the control scheme through advanced model-based control design techniques. Firstly, a nonlinear, constrained optimization algorithm is developed to design feedforward actuator trajectories with the goal of numerically complementing the traditional trial-anderror experimental effort of advanced scenario planning. The idea of combining predictive simulation with optimization techniques for model-based scenario planning was originally proposed in [4] [5] [6] [7] by employing different approaches such as extremum seeking, iterative learning control, minimal surface theory and sequential quadratic programming. The goal of the optimization algorithm is to design actuator trajectories that steer the plasma to the target q profile at a predefined time subject to the plasma dynamics and plasma state and actuator constraints, such as the minimum q value and the maximum available auxiliary heating and current-drive (H&CD) power. Secondly, integrated feedback control algorithms are designed to keep the q-profile evolution on track by countering the effects of external plasma disturbances and unmodeled dynamics, thereby adding robustness to the control scheme. Optimal [8] , robust [9, 10] and backstepping [11] controllers have been employed in this work to achieve this goal. The H&CD system and the total plasma current are the actuators utilized by the feedback controllers to control the plasma dynamics. To ensure the discharge remains in L-mode, maximum allowable auxiliary power constraints are imposed on both the feedforward and the feedback controllers.
This paper is organized as follows. In section 2, a firstprinciples-driven (FPD) model of the plasma current profile dynamics is developed. The modeling process starts by considering the well known one-dimensional poloidal magnetic flux diffusion equation, which describes the resistive diffusion of the poloidal magnetic flux in the tokamak in response to the electric field due to induction, the noninductive current driven by the auxiliary H&CD system, and the neoclassical bootstrap effect. This first-principles model is subsequently converted into a form suitable for control design by developing controloriented versions of physics-based models of the electron density, the electron temperature, the plasma resistivity, and the noninductively driven currents (auxiliary and bootstrap) in response to the control actuators. In section 3, the developed FPD model is embedded into a numerical optimization algorithm to design actuator trajectories that steer the plasma state to achieve a desired q profile at a given time. The optimized trajectories are subsequently tested experimentally in DIII-D. In section 4, feedback control of the q profile is added to the feedforward control solution by following an FPD modelbased control design approach based on different techniques. The ability of the overall feedforward + feedback q profile controller to achieve a desired q profile at a predefined time is assessed in DIII-D L-mode experiments. Finally, conclusions are discussed in section 5.
Model-based control architecture
The used model-based control architecture is a feedforward + feedback scheme where the feedforward commands are computed off-line and the feedback commands are computed on-line taking into account auxiliary-power constraints to keep the plasma in L-mode.
Control-oriented plasma response model
At the core of the developed control algorithms is a nonlinear, physics-based, control-oriented model that captures the response of the plasma (q-profile) to the control actuators (total plasma current (I p ), line average electron density (n e ), auxiliary electron cyclotron (EC) power (P ec ), and auxiliary neutral beam injection (NBI) power (P nbi )). The DIII-D auxiliary H&CD actuators considered in this work are 6 gyrotrons, which are grouped together to form 1 effective EC source for control, 6 individual co-current NBI sources [30L/R,150L/R,330L/R], and 2 individual counter-current NBI sources [210L/R], where L and R denote left and right lines, respectively. The 150L/R NBI lines are utilized as offaxis H&CD sources, while the 30L/R, 210L/R and 330L/R NBI lines are utilized as on-axis H&CD sources. The evolution of the poloidal magnetic flux profile, which is closely related to the q-profile, is given by the magnetic diffusion equation [12] 
with boundary conditions
The poloidal stream function ψ is closely related to the poloidal magnetic flux Ψ (Ψ = 2πψ), t is the time, η is the plasma resistivity, µ 0 is the vacuum magnetic permeability, j ni ·B /B φ,0 is any source of noninductive current density, and I p is the total plasma current. The spatial coordinate ρ = ρ/ρ b (normalized effective minor radius) indexes the plasma magnetic flux surfaces, where ρ is the effective minor radius of a magnetic flux surface, i.e. Φ(ρ) = πB φ,0 ρ 2 , Φ is the toroidal magnetic flux, B φ,0 is the vacuum toroidal magnetic field at the geometric major radius R 0 of the tokamak, and ρ b is the effective minor radius of the last closed magnetic flux surface. The spatial profiles F , Ĝ and Ĥ are geometric factors pertaining to the magnetic configuration of a particular plasma equilibrium (see [13] for instance), and are defined as,
where R denotes the radial spatial coordinate in the poloidal plane of the tokamak, B φ is the toroidal magnetic field, and · denotes the flux-surface average operation
where V is the volume enclosed by a magnetic flux surface.
A first-principles-driven (FPD) control-oriented model of the evolution of the poloidal flux profile, and hence the safetyfactor profile
is developed by combining (1) with physics-based models of the electron density, the electron temperature, the plasma resistivity, and the noninductive current sources [2, 14] .
2.1.1. Electron density modeling. In the formulation of the electron density model, it is assumed that the control action employed to regulate the electron density only weakly affects the radial distribution of the electrons. Therefore, the electron density evolution n e (ρ, t) is modeled as
where n prof e (ρ) is a reference electron density profile and n e (t) is the line average electron density, which is typically utilized to specify the electron density in present tokamak operation.
Electron temperature modeling.
To model the electron temperature profile evolution, an approximate singular perturbation approach is employed by exploiting the fact that the characteristic thermal diffusion time in the plasma is much faster than the characteristic resistive diffusion time. Therefore the temperature is always in quasi-equilibrium on the time-scale of the current evolution, and we neglect the temporal dynamics of the electron temperature in the development of the electron temperature evolution model as we are mainly concerned with capturing the dominant physical effects that the electron temperature has on the plasma magnetic profile evolution. Therefore, the fast evolving (on the resistive cur rent diffusion time scale) electron temperature profile evo lution T e (ρ, t) is modeled as
where T prof e (ρ) is a reference electron temperature profile and γ, ε, ζ are scaling constants. To arrive at the scaling shown in (6), first a steady-state, zero-dimensional plasma energy balance is considered, i.e. W/τ W = P tot , where W ∝ ⟨n e ⟩⟨T e ⟩ is the total plasma stored energy (assuming T i ∝ T e and n i ∝ n e ), τ W is the energy confinement time, P tot = P ohm + P aux − P rad is the total power density, P ohm is the ohmic power density, P aux is the total auxiliary H&CD power density, and P rad is the radiated power density. Many energy confinement scaling laws have been developed over the years, and typically these scaling laws are functions of the actuators used for plasma control, i.e. with γ = γ s , ε = 1 + ε s and ζ = ζ s − 1. Values of γ = 1, ε = 0.5, and ζ = −1 have been adopted in this work.
2.1.3. Plasma resistivity modeling. Following a simplified Spitzer resistivity model, the plasma resistivity η(T e ) scales with the electron temperature as
where k sp (ρ) is a scaling profile. We neglect neoclassical corrections to this formula, which can nonetheless be significant, to retain the main dependence.
2.1.4. Noninductive current-drive modeling. The total noninductive current-drive is expressed as
where j eci is the noninductive current generated by the individual gyrotron launchers, j nbii is the noninductive current generated by the individual neutral beam injectors, and j bs is the noninductive current generated by the bootstrap effect. Each auxiliary noninductive current source is modeled as a fixed deposition profile multiplied both by an efficiency term, which is function of the ratio between a power of T e (ρ, t) and n e (ρ, t), and by the time varying power associated to the current source, i.e.
where i ∈ [ec 1 , . . . , ec nec , nbi 1 , . . . , nbi n nbi ] and j
is a reference deposition profile for each current-drive source. For electron cyclotron current-drive, δ = 1 [15] and for neutral beam current-drive, δ is dependent on the energy of the injected particles [16] . Injected particles in DIII-D have an energy of 80 keV in this work, which leads to δ = 1/2.
The bootstrap current [17] is associated with trapped particles and arises from the inhomogeneity of the magnetic field strength produced by the external coils in the tokamak, which falls off like 1/R. From [18, 19] , the bootstrap current is written as
where p e denotes the electron pressure, p i denotes the ion pressure, and R pe = p e /p where p is the total plasma pressure (note the opposite sign of (10) due to the different definition of ψ). Under working assumptions of a tight coupling between the electron and ion species in the plasma, i.e. T e ≈ T i and n e ≈ n i , it is possible to write p e = n e T e = n i T i = p i and R pe = (n e T e )/(n e T e + n i T i ) = 1/2. Substituting these relationships into (10) we obtain
where the coefficients L 31 (ρ), L 32 (ρ), L 34 (ρ) and α(ρ) depend on the magnetic configuration of a particular plasma equilibrium and on particle collisionality in the plasma.
Power limit to prevent L-H transitions
To avoid L-H transitions, a total auxiliary power limit was imposed during the experiments. In early discharges, a fixed power limit failed to prevent transitions to H-mode. The transition power was observed in these experiments to approximately scale with the electron density as
Therefore, the total injected power in later discharges was constrained by this limit.
Feedforward control via nonlinear programming
Model-based feedforward-only control, as that arising from typical scenario planning work, is able to drive the q profile close to the target in the outer region (ρ > 0.3) during the experiments. The design of the feedforward control law u FF can be formulated as a nonlinear optimization problem [20] , i.e. subject to ψ−dynamics governed by (1) and (2),
where ψ targ represents the target profile, t targ is the desired time for reaching the target profile, J(ψ(t targ ), ψ targ ) is a quadratic cost function which penalizes deviations from the desired target profile, g 0 (u FF ) is a nonlinear constraint which prevents L-H transition, and g i (u FF ) is a set of linear constraints that account for the actuator limits (subindex i denotes different actuators). The solution of the optimization problem (13) is a feedforward control policy given by u FF and a corresponding state reference trajectory predicted by (1) that serves as a path from the initial profile to the target profile.
In this experiment, three target q profiles (Target 1: q min = 1.3, q 95 = 4.4; Target 2: q min = 1.65, q 95 = 5.0; Target 3: q min = 2.1, q 95 = 6.2) have been prescribed at different times during the plasma formation phase (Target 1: t = 1.5 s; Target 2: t = 1.3 s; Target 3: t = 1.0 s). The optimized feedforward actuator trajectories u FF obtained as the solution of problem (13) were tested experimentally in DIII-D. Figure 1 shows these trajectories (red dashed lines) for shot #157952, which are characterized by a variable plasma current ramp-up rate and a late application of auxiliary NBI power up to the maximum value. The flattop plasma current is constrained to a fixed value. The line average density is fixed and proportional to the plasma current, i.e. n e (t) [10 19 m
. The 30 L NBI power is fixed at 1.1 MW (necessary for diagnostics). The physically achieved actuator trajectories (black dashed-dotted lines) show some time delay with respect to the optimized feedforward trajectories 3 , which results in a best-matching time (1.339 s) slightly larger than the target time (1.25 s) for Target 2 as shown in figure 2 . Comparison of experimental (black dashed-dotted lines) and simulated (red dashed lines) q-profile evolutions in figure 2 indicates that the current density diffuses towards the plasma core faster than predicted by the FPD control-oriented model. This can also be appreciated in figure 3 , where the experimentally achieved q profile (black dashed-dotted line) is compared with its target (green circled lines) for different discharges (Target 1 in shot #157947, Target 2 in shots #157948 and #157952, and Target 3 in shot #157949). Reduction of the mismatch, particularly in the inner region, demands on-line feedback control.
Feedback controller for robust target q-profile matching
The addition of a feedback control component adds robustness to the overall control scheme and proves itself capable of consistently driving the q profile to its target in these experiments. The feedforward control law needs to be complemented by a feedback control law in order to mitigate deviations from the desired state reference trajectory due to perturbations in the initial condition, external disturbances, and unmodeled dynamics. Three feedback control algorithms were employed in these experiments, which were designed based on optimal control [8, 21] , robust control [1, 9, 10] , and backstepping control [11] design techniques. The feedback portion of the controller was interfaced with the real-time EFIT (rtEFIT) equilibrium reconstruction code [22] . The q profile is computed by rtEFIT based on motional Stark effect (MSE) diagnostic measurements. The plasma variables provided to the plasma control system (PCS) by rtEFIT are the plasma current I p , the poloidal stream function at the magnetic axis ψ axis and at the plasma boundary ψ bdry , and the safety factor q at 65 evenly spaced points on the normalized-ψ spatial domain. These measurements are used by the PCS to compute the q profile at 20 evenly spaced points on the normalized-ρ spatial domain. The q profile was computed every 20 ms. This sampling time was set based on the modulation of the MSE (30 L) beam used to obtain q-profile measurements in realtime. In this case the MSE beam was modulated on for 10 ms then off for 10 ms. The achieved feedback-controlled profiles (dashed red lines) are compared with the targets in both figures 4 and 6, showing a significant and consistent matching improvement. To allow for a better comparison, all the shots presented in this section were achieved using the same type of robust-control algorithm [1, 9, 10] .
Figures 4(a) and (b) show how the combined feedforward + feedback controller is capable of repeatedly achieving Target 1 at the predefined time of approximately 1.5 s in shots #157950 and #157951. Repeatability of the plasma discharge is indeed one of the key performance metrics that model-based feedback control has the potential of improving. These figures also illustrate the performance of the feedforward-only controller in shot #157947. The feedback component of the control scheme compensates for the faster-than-model-predicted (used to obtain the feedforward control laws) current density diffusion in the inner region and improves profile matching. Figure 5 (a) shows in detail how the feedforward + feedback controller drives the actual value of q at ρ = 0.1 (dashed red line) to its reference (solid (g) Figure 6 . Experimental testing of feedforward + feedback q-profile control for Target 3: ((a), (c), (e) and (g)) Initial (t = 439 ms, red dashed-circled line) and final (t ≈ 1000 ms, red dashed line) q-profiles for Target 3 shots #158052, #158055, #158056 and #158057; ((b), (d), (e) and (h)) Time evolution of total auxiliary power. The orange circled lines denote the power-limit scaling P LH while the green crossed lines denote the actual applied power limit. Feedforward-only actuator trajectories are shown in black dashed-dotted lines, while both requested and achieved feedforward + feedback actuator trajectories are shown in solid blue and dashed red lines, respectively. blue line), which in turn converges to its associated target value (circled green line) at the desired target time of 1.5 s, and improves upon the matching obtained by the feedfowardonly q evo lution (dashed-dotted black line) extracted from shot #157947, which hits the target much earlier than sought. This is achieved by increasing the total auxiliary power (red dashed line) in comparison with the feedforward-only total auxiliary power (black dashed-dotted line) as shown in figure 5(b). Figures 4(c) and (d) demonstrates how the feedforward + feedback controller can achieve different target profiles at different target times. In this case, Target 2 is achieved in shots #157958 and #158051 at the predefined time of approximately 1.3 s much more precisely than in shot#157952, where feedback actuation was absent. Figure 6 shows the effectiveness of the combined feedforward + feedback control scheme to achieve Target 3 at approximately 1 s. Figures 6(a) and (c) shows that the controller achieves almost identical matching performance for shots #158052 and #158055, characterized by slightly different initial profiles at 439 ms (red dashed-circled lines), by actuating the plasma in a slightly different manner as shown in figures 6(b) and (d). This is a key result of the experiment, where repeatability of the plasma discharge was sought. As can be noted from figures 6(a) and (c), while the feedfoward + feedback controller improves upon the matching obtained by the feedforward-only controller in the inner region (shot #157949), the achieved matching in these Target 3 shots is not as good as those observed for Target 1 and Target 2 shots in figure 4 (note from figure 4 that matching for Target 2 is already not as good as for Target 1). The explanation for this behavior can be found in figures 6(b) and (d), where it can be noted that the actuation requested by the controller (solid blue line), as well as the actuation actually achieved by the actuators (dashed red line), are constrained very early in the discharge by the power limit (crossed green line) imposed on the controller in order to prevent undesirable L-H trans itions. This power limit follows closely the power scaling (orange circled line) obtained as part of this experiment for L-H transitions, which is given in (12) . With the purpose of improving the matching in the inner region, the applied power limit was slowly moved beyond the power scaling P LH in shots #158056 and #158057. As can be appreciated from figures 6(e) and (g), the matching is consistently improved as the power limit is increased as shown in figures 6 ( f ) and (h). The power scaling P LH was proved conservative and profile matching was improved while staying in L mode. However, although at a higher level and at a later time, the controller still reached auxiliary-power saturation in shots #158056 and #158057. This indicates that further matching improvement might be possible by increasing the power limit but at the risk of possibly transitioning to H mode.
Conclusions and future work
These experiments demonstrate the capability of modelbased profile control to improve scenario robustness, thereby providing significantly improved main operating regimes for steady-state studies in DIII-D. During upcoming DIII-D campaigns, this approach will be extended to H-mode by simultaneously controlling the q-profile and β N in feedforward + feedback control experiments. One of the goals will be to determine if the same level of startup-phase optimization as that achieved in L-mode (first stage of control development) is indeed attainable with the present actuation capability in lower-resistivity H-mode plasmas.
